A procedure based on the polymerase chain reaction (PCR) has been developed to classify cucumber mosaic cucumovirus (CMV) isolates accurately into two subgroups. Two CMV-specific primers that flank the CMV capsid protein gene were used to amplify a DNA fragment of approximately 870 bp. Restriction enzyme analysis of this fragment produces distinct restriction patterns that assign the CMV isolate into one of two subgroups. These two restriction groups correlate with the previously established CMV subgroupings; this PCR-based method may provide a simple alternative to the serological assays used for typing CMV isolates.
Introduction
Cucumber mosaic virus (CMV), a tripartite ssRNA plant virus with a world-wide distribution, exists as a variety of isolates that differ in host range and pathogenicity. These isolates can be divided into two major serological subgroups defined as DTL and ToRS by Devergne & Cardin (1973) . This division provides valuable information about the geographical location of and symptoms produced by CMV isolates. For instance, members of the DTL serogroup commonly induce more severe symptoms and occur predominantly in the tropics and subtropics, whereas the ToRS isolates are prevalent in temperate regions (Haase et al., 1989) . Such information should be considered when producing and evaluating resistant cultivars or genetically engineering resistant plant lines.
Differentiation of CMV isolates is based primarily on serological studies, which can be very time-consuming and may provide inconclusive results. For these reasons se,~eral alternative methods including hybridization analysis (Piazzolla et al., 1979) and peptide mapping of CMV capsid proteins (Edwards & Gonsalves, 1983 ) have been developed. The subgrouping of CMV determined by these two methods parallels the serological division of CMV. The disadvantage of hybridization and peptide mapping is that they require extensive quantities of ssRNA and capsid proteins respectively. In addition conditions for peptide mapping need to be standardized before capsid protein digests can be performed.
We sought to develop a simple and accurate alternative method for differentiating CMV isolates that does not require the use of reagents such as CMV-specific antisera. The method is based on reverse transcription and the polymerase chain reaction (RT-PCR). In this procedure, nanogram quantities of CMV dsRNA replicative intermediates were used as templates for RT-PCR.
Methods
CMV isolates. Details of all CMV isolates used in this work are presented in Table 1 . CMV isolates were mechanically transmitted by macerating infected leaf tissue in phosphate buffer and Na2SO 3 containing a small amount of Celite powder. All isolates were propagated in Nicotiana tabacum cv. White Burley. Double-stranded RNA extractions. CMV dsRNA replicative intermediates were extracted from virus-infected leaf tissue as described by Morris et al. (1983) with minor modifications. Coarsely chopped tissue (5 g) was homogenized in 12 ml of extraction buffer (85 mM-Tris-HC1, 165 mM-NaCI, 2 mM-EDTA, 1-25% SDS, 1% polyvinylpyrollidone). Four ml each of phenol and chloroform/isoamyl alcohol (24 : 1) were added and the mixture was shaken to form an emulsion which was maintained at room temperature for 30 rain. After centrifugation at 12000 r.p.m, and 4 °C for 20 min the aqueous phase was collected, diluted with 30 ml STE (100 mM-NaCI, 50 mM-Tris-HC1, 1 mM-EDTA, pH 7.0) and adjusted to 16% (v/v) ethanol. Samples were run through a 2 ml column of Whatman CF-I 1 cellulose powder equilibrated with STE/16% ethanol (v/v). To remove cellular DNA and ssRNA the charged column was washed with approximately 70 ml of STE/16% ethanol (v/v). The retained dsRNA was then eluted with 9 ml of STE buffer, ethanol-precipitated, resuspended in 100 ktl TE buffer (10 mMTris-HC1, 1 mM-EDTA, pH 7-4) and stored at -20 °C.
Agarose gel electrophoresis. Nucleic acids were fractionated on 1.2 or 1.5% (w/v) agarose gels cast and run in TBE buffer (0.09 M-Trisborate, 0.002 M-EDTA, pH 8.0). Gels were run at 90 V for 100 min and stained with ethidium bromide (1 ~tg/ml) for 30 min. Nucleic acids were visualized by shortwave (254 nm) transillumination and photographed using Polaroid Type 55 positive-negative film. Electroelution. DNA species of interest were excised and placed in a dialysis bag containing a minimal volume of 0.5 x TBE buffer. Elution of the nucleic acids from the gel slice was carried out by applying a voltage of 100 V for 1 h and then reversing the polarity for 1 min (Maniatis et al., t982) . Samples were collected, ethanol-precipitated and resuspended in 300 ~tl TE buffer. After a single phenol extraction, the DNA was reprecipitated and finally resuspended in 50 lal TE buffer.
PCR amplification. Two CMV-specific primers, here called 5'CP and YCP, were synthesized using a Pharmacia LKB Gene Assembler Plus. The design of these oligonucleotides was based on a comparison of known CMV capsid protein cDNA sequences. Restriction sites were included at the 5' termini of both primers to facilitate directional cloning into plasmid vectors. The upstream primer 5'CP (5' CTCGAATTCGGATCCGCTTCTCCGCGAG 3') corresponds to nucleotides 1149 to 1161 of CMV-Q RNA 3. The downstream primer 3'CP (5' GGCGAATTCGAGCTCGCCGTAAGCTGGATGGAC 3') corresponds to bases 1998 to 2015 of CMV-Q RNA 3 (Davies & Symons, 1988) and is common to the 3' ends of the other CMV RNA species.
The cDNA synthesis ofCMV capsid protein genes was based on the method given in the Perkin-Elmer Cetus Geneamp RNA PCR kit. As little as 0-02 ~tl of dsRNA extract was used in eDNA synthesis, although normally 2 I~1 of dsRNA extract was used (approximately 2 ng ofdsRNA 3). CMV dsRNA was boiled for 5 rain, snap chilled and used in first strand eDNA synthesis with approximately 1.6 ~tM of the 5'CP primer.
The eDNA was denatured at 95 °C for 5 rain and amplified using 2-5 units (U) of AmpliTaq DNA polymerase (Perkin-Elmer Cetus), 0.2 mM of each dNTP and 0.3 pa~ of each oligonucleotide per 100 ~tl reaction. Using a Hybaid thermal reactor we carried out 30 cycles of amplification using the step programme (95 °C, 1 min; 40 °C, 30 s; 72 °C, 1 min), followed by a 7 rain final extension at 72 °C. To prevent melting of the 5"CP primer, the annealing temperature of 40 °C was gradually increased over 125 s to the 72 °C extension temperature using the ramping function.
Restriction digests. MspI restriction digestions were performed using 2 to 4 U of enzyme (Promega) with half of the electroeluted PCR product(s) in a final volume of 50 ~tl (Maniatis et al., 1982) . BamHI and SaeI (Pharmacia) double digestions were performed in a final volume of 100 p.l. All digestions were carried out at 37 °C for 2 h in the restriction buffer supplied by the manufacturer.
Cloning and sequencing of PCR products. PCR-amplified products were digested with BamHI and SacI and ligated into the linearized plasmid pG EM-11Zf(+ ) (Promega) (Maniatis et al., 1982) . Escherichia coli SURE cells (Stratagene) were made competent and transformed with plasmid DNA as described by Messing (1983) . Double-stranded DNA was sequenced by the dideoxynucleotide chain termination method (Sanger et al., 1977) using the T7 polymerase kit supplied by Promega. The DNA was prepared for sequencing as described by Ish-Horowicz & Burke (1981) with the introduction of a phenol extraction after precipitating the proteins and chromosomal DNA with 5 M-potassium acetate pH 4-8. Sequencing reactions were carried out according to the manufacturer's instructions except that termination reactions were performed at 42 °C to reduce the formation of DNA secondary structures. was produced when electroeluted CMV dsRNA 2 was used as a template (data not shown). A search for alternative priming sites in CMV R N A 2 revealed that the 5'CP primer is highly homologous to nucleotides 2066 to 2088 of CMV-Y R N A 2 and the 3'CP oligonucleotide corresponds to nucleotides 2858 to 2875 of this RNA species (Kataoka et al., 1990) . Efficient priming at these sites would amplify a product of 825 bp. Digestion of the PCR-amplified CMV capsid protein cDNA with MspI produced one of two restriction patterns. The first pattern consisted of many small restriction fragments, the four largest being approximately 250 bp, 200 bp, 160 bp and 130 bp (Fig. 2, lanes 2, 3,  12 and 13 ). This pattern was produced from eight isolates, and for these isolates only the single 870 bp capsid protein c D N A was amplified. The second restriction pattern was produced from the remaining 12 CMV isolates. It consisted of, two restriction fragments with approximate sizes of 540 bp and 340 bp (Fig. 2 , lanes 4 to 6 and 8 to l 1). For these isolates, two D N A species were amplified (Fig. 1 ). An MspI digest of the extra D N A species produced small fragments sometimes seen in the restriction pattern of these 12 isolates (Fig. 2,  lanes 4 and 5) .
Results
For the 20 CMV isolates tested, PCR amplified a product of expected size, approximately 870 bp long (Fig. 1) . The nucleotide sequence of this D N A product was determined for four different CMV isolates and shown to consist of the complete CMV capsid protein gene with untranslated regions (data not shown). In addition to this 870 bp D N A product a minor product, approximately 820 bp long, was amplified for a majority of CMV isolates (Fig. l, lanes 4 to 7) . This minor product appears to arise from the CMV R N A 2 species, since it
Discussion
The capsid protein gene from a total of 20 independent CMV isolates was successfully amplified using RT-PCR on a dsRNA template. Analysis of the PCR products using MspI digestions distinguished two groups, here called MspI restriction groups 1 and 2. Further analysis revealed a correlation between these two restriction groups and the number of c D N A products amplified by RT-PCR. Isolates in MspI restriction group I produced a single D N A product and isolates in restriction group 2 produced the same product and an additional minor product. It is worth noting that the possible priming sites Q 248, 197, 158, 126, 110, 28 S Davies & Symons (1988 ) WL 248, 197, 158, 126, I10, 28 S Quemada et al. (1989 MspI group 1 This work CP91/454 248, 197, 158, 126, 110, Comparison of the c D N A sequences from some of our isolates with those published for six other CMV isolates (Davies & Symons, 1988; Quemada et al., 1989; Hayakawa et al., 1989; Owen et al., 1990) confirmed that only our two MspI restriction patterns were present. Furthermore our restriction groups divided the six other CMV isolates into their previously established subgroups (Table 2) . From this comparison we concluded that our MspI restriction group 1, which includes the well characterized Australian CMV-Q (CP91/454) isolate corresponded to the serological group ToRS of Devergne & Cardin (1973) and the S hybridization group of Piazzolla et al. (1979) . The MspI restriction group 2 corresponded to the serological group DTL and the hybridization group WT. The method we have described has proved to be a rapid and conclusive technique for classifying CMV isolates into two subgroups. Our CMV subgroupings correlate with the hybridization groups of Piazzolla et al. (1979) and with the two serological groups of Devergne & Cardin (1973) . This finding is not surprising since serological assays recognize differences in viral coat proteins and our PCR-based method identifies differences in the gene coding for this protein.
The use of PCR and a single pair of CMV-specific primers offers a simple and accurate means of grouping CMV isolates, and may prove useful in the diagnosis and control of CMV infection. With a detection level of 1 mg of infected tobacco leaf tissue, it should be possible using this technique to detect CMV infection in large numbers of bulked plants. The potential for rapid detection and elimination of inoculum sources should prove useful in assessing and controlling the spread of CMV, particularly in the certification of virus-free material.
